Perforated tiles on a raised floor often deliver substantially more or less airflow than expected, resulting in inefficiencies and even equipment failure due to inadequate cooling. In this paper, the impact of data center design parameters on perforated tile airflow is quantified and methods of improving airflow uniformity are discussed. This paper was written jointly by APC and IBM for the ASME InterPACK '05 conference. 
INTRODUCTION
Data centers contain servers and other IT equipment, which require precisely conditioned cooling air for predictable performance. For example, ASHRAE's Thermal Guidelines for Data Processing Environments [1] recommends inlet temperatures in the range of 20-25∞C (68-77∞F) for Class 1 (high-end, mission critical) equipment. The cooling air is typically distributed throughout the data center through a raised-floor plenum.
Computer Room Air Conditioners (CRAC's) pump conditioned air into the plenum; the air exits the plenum through perforated floor tiles and other openings. Hot equipment exhaust air may be returned to the CRAC's "through the room" or through an overhead return plenum or ductwork. Emerging standard practice is to arrange the perforated floor tiles in rows forming a "cold aisle" (for example, see [1] , [2] , or [3] ). Equipment racks are then placed in rows along and facing each long side of the cold aisle. Alternating hot and cold aisles are formed as this configuration is repeated across the data center.
The temperature of the cooling air actually available for IT equipment depends on the airflow dynamics between the perforated tile and the equipment inlet. Equipment will draw air as needed and, if sufficient cooling air is unavailable, warm exhaust air will be recirculated over the racks or around the row ends. It is, therefore, essential that perforated tiles located near the equipment provide sufficient cooling air.
In some cases, a non-uniform airflow distribution through the perforated tiles may be desirable. This may be achieved by using varying tile types or dampers. Techniques have been developed to aid the design of such a system ( [4] and [5] ). The present study is applicable to the majority of data centers, which are designed for uniform airflow through all tiles. Results are equally valid for isolated-plenum zones, which may be present within a larger data center. For such uniformairflow designs, the mean airflow per tile is usually estimated in the design stage based on total CRAC airflow, the number of perforated tiles, and possibly an estimate of total leakage airflow. In actual facilities, the airflow delivered through any particular perforated tile may vary substantially from the mean resulting in local cooling capacity, which is excessive or insufficient for the design IT load.
Thus, the data center designer needs to understand the parameters that affect airflow uniformity and the magnitude of influence of each. In this study, uniformity is assessed based on percentage variation from the mean perforated tile airflow. For convenience, plenum geometry, CRAC details and locations, perforated tile locations, and all other attributes related to the basic layout of the facility are lumped into a 2 Copyright © 2005 by ASME category that will simply be called "floor plan". With this definition, the parameters investigated here are: 1) floor plan 2) perforated tile type (% open area), 3) airflow leakage rate, and 4) plenum depth.
Ten floor plans are studied; one is a hypothetical layout, nine are based on actual data centers. Of the nine actual data centers, one is a facility for which measurement data has been taken; this case is used to validate the CFD model. Two perforated tile types are considered: nominally 25%-open and nominally 56%-open tiles. Leakage rate is the airflow rate associated with holes in the raised floor for cable access and other openings generally not intended primarily for air delivery. Three leakage rates are considered in the range of 0% to 40% of total CRAC airflow. Four plenum depths in the range of 0.30 m (12 in) to 0.91 m (36 in) are considered.
Airflow rate (e.g. total from the CRAC's or mean airflow per perforated tile) and average plenum pressure are notably absent from the list of parameters studied. Schmidt et al [6] suggested that since all relevant pressure variations scale with the velocity squared, airflow patterns in the plenum would remain independent of airflow rate. Accordingly, if CRAC airflow rate were consistently scaled up or down there would be no change in the percentage airflow variation from tile to tile. The present study affirms this assertion and provides more discussion and examples.
NOMENCLATURE f tile
Perforated tile loss coefficient k Airflow path loss coefficient n Total number of perforated tiles in floor plan P(DQ i ) Probability density as a function of Q i Q, q Airflow rate V Air velocity DP Pressure change DQ i
Percentage variation from mean airflow rate for perforated tile i r Density of air s Standard deviation
PLENUM AIRFLOW DYNAMICS
Uniform airflow through each perforated tile is achieved when the resistance to flow experienced by the air moving through the plenum is much less than the resistance to flow imposed by the perforated tiles; in this case, the total flow resistance along any path is fairly constant and no airflow path looks particularly attractive or unattractive. Both the airflow path resistance and the tile resistance scale approximately with the velocity (or flow rate) squared. The perforated tile resistance may then be characterized in terms of a loss coefficient f tile :
where DP is the pressure drop across the perforated tile, r is the density of air, and V is the velocity of the air approaching the perforated tile.
Uniformity does not become perfect, as the plenum is made very deep. While this would be true if air were introduced from the bottom of the plenum, in real data centers, CRAC's supply air from the top of the plenum -just under the raised floor. Consequently, substantial air movement takes place directly under the tiles. Jets and recirculation zones are characterized by regions of rapidly varying air velocity which may sustain pressure variations on the order of ½ r V 2 . Perforated tiles must offer substantially more resistance (greater pressure drop) than these pressure fluctuations to ensure uniformity. Assuming the velocity of air through the tiles and that in the plenum are of the same scale, we have f tile >>1 as a minimum requirement for uniformity. In practice, these flowinduced pressure variations may not be the dominant resistance in the plenum; bounding walls, obstructions (e.g. cable trays, piping, stanchions, etc.), and pressure loss through leakage through non-perforated-tile openings may dominate and the perforated tiles must be even more restrictive in order for reasonable uniformity to be achieved.
Plenum pressure may drop below room pressure in certain regions so that "backflow" occurs through perforated tiles. Similarly, "leakage" airflow through cable cutouts, around tile edges, and other openings may actually be directed into the plenum. This leakage airflow may vary considerably over the raised floor but it locally varies approximately with the square root of the pressure difference across the floor like the perforated tile airflow-pressure relationship expressed in Eq.
(1).
Though not included in the CFD models of the present investigation, obstructions such as cable trays and piping may have a significant affect on perforated tile airflow in a particular region.
Airflow Uniformity is Independent of Airflow Rate As mentioned above, the fraction of total CRAC airflow through any perforated tile is largely independent of total airflow rate and, therefore, average plenum pressure. This is fortuitous; we do not have to include airflow rate in our list of parameters considered and by expressing perforated tile airflow as a percentage (or fraction) of the mean per-tile airflow, we 3 Copyright © 2005 by ASME can readily compare results of scenarios with substantially differing airflow rates in a meaningful way.
For example purposes, consider a simple two-perforatedtile, single-CRAC floor plan. With reference to Fig. 1 , an analogy may be made between airflow and the flow of current in an electrical circuit. Assuming the airflow-path pressure drop and perforated-tile pressure drop each scale with the flow rate (or velocity) squared, both sources of resistance may be lumped into a single resistance. Each combined resistance, R 1 or R 2 , represents the total pressure drop associated with airflow following a closed circuit starting at the CRAC, traveling through the plenum, passing through one of the perforated tiles, and ultimately returning to the CRAC. The total pressure drop across either path is equal to the external pressure drop overcome by the CRAC:
where q 1 and q 2 are the airflow rates along the two paths and k 1 and k 2 are constants which characterize the combined path and tile resistances. Note that if k 1 =k 2 , a uniform distribution of airflow is achieved. It is also evident from Fig. 1 that:
Solving Eqs. (2) and (3) simultaneously for q 1 /Q CRAC and q 2 /Q CRAC leads to:
Equations (4a) and (4b) show that the fraction of total airflow along each path is independent of airflow rate. Note that the above argument is also equally valid for floor plans using mixed tile types or tiles with dampers. The only requirement is that all pressure losses along each airflow path scale with the airflow rate (or velocity) squared.
Generalizing, it can be shown that airflow uniformity is independent of airflow rate for any number of perforated tiles. Further, the pressure losses need not scale with airflow rate squared; the only requirement for uniformity is that all pressure losses scale identically (e.g. linearly, to the 1.5 power, etc.) with airflow. In practice, the airflow in a plenum is typically in the turbulent (high Reynolds Number) regime so that all pressure losses will generally scale approximately with the airflow rate squared. Still it is conceivable that in some scenarios, different airflow regimes (laminar, turbulent, mixed) may be present simultaneously. In this case, plenum and perforated tile losses will not scale identically with airflow rate and airflow uniformity will depend to some degree on the magnitude of airflow rate.
CFD models were created to verify and demonstrate that airflow uniformity is indeed independent of airflow rate for selected practical cases. Results are provided below.
PERFORATED TILE AIRFLOW UNIFORMITY METRICS
Airflow uniformity results are presented as percentage variations from the mean so that they may be readily applied to any airflow rate of interest and scenarios with different airflow rates may be compared on a consistent basis. The specific uniformity metrics presented here are minimum, maximum, and standard deviation of the mean perforated tile airflow. A negative percentage variation implies flow less than the mean. A value less than -100% implies "backflow" from the room down into the plenum. A positive percentage variation implies flow greater than the mean. A value greater than 100% implies flow that is more than twice the mean. As a concrete example, consider a scenario for which the mean tile airflow is 400 cfm with uniformity results reported as -75%, 50%, and 25% for the minimum, maximum, and standard deviation, respectively. In this case, at least one tile has the minimum airflow value of 100 cfm, at least one tile has the maximum airflow rate of 600 cfm, and the standard deviation is 100 cfm.
Since the mean of the percentage variation from the mean is zero by definition, the standard deviation may be written compactly as:
where DQ i is the percentage variation in airflow from the mean for tile i, and n is the total number of perforated tiles in the floor plan. The probability density P(Q i ) is then (see [7] for example): (6) represents the classic bell curve that indicates the spread of variations from the mean. Assuming that this normal distribution implied by Eq. (6) applies adequately, 68% of all perforated tiles will have airflow within ±1s and 96% will be within ±2s.
PARAMETERS CONSIDERED IN CFD MODELS
As indicated above, the parameters investigated here are: 1) floor plan 2) tile type (% open area), 3) leakage rate, and 4) plenum depth. Tables 1 and 2 summarize the ten floor plans considered. Note that the gridlines in the figures of Table 1 correspond to standard 0.61 m (2 ft) x 0.61 m (2 ft) floor tiles and can be used for scaling dimensions as desired. Floor Plan A is a hypothetical floor plan; it follows the standard hot-aisle/coldaisle layout with CRAC's located at the end of the hot aisles. As shown in the figure, mirror symmetry conditions are applied along the top and bottom walls in the CFD study so that the effective floor plan repeats indefinitely in both directions. Floor Plan A is also used for grid independence verification and for a cold-aisle-length investigation discussed below. Floor Plan B corresponds to an actual data center in which airflow 4 Copyright © 2005 by ASME measurements were made; these results are used to verify the CFD model used for all scenarios. Floor Plans C through J are based on actual data centers, which have been previously modeled with CFD. Only the basic floor plans including CRAC, perforated floor tile, and plenum-ducted IT equipment locations are retained for the present study. Based on manufacturer's published data, the loss coefficients (as defined in Eq. (1)) for the 25% and 56% perforated tiles are taken as 51.3 and 3.4 respectively. Note that some of the mean perforated tile airflow rates listed in Table 2 are unrealistically high for 25%-open tiles. Recall that the airflow uniformity results hold equally well at lower airflow rates. The airflow rates listed are the values used in the CFD models and are of value primarily for reference. Three leakage rates are considered: 0% (no leakage), 20%, and 40%. These leakage rates are defined as a percentage of total CRAC supply airflow minus any plenum-ducted IT airflow. These leakage rates are probably conservative in light of anecdotal evidence indicating that it is not uncommon for 50% or more of the airflow supplied by the CRAC's to exit the plenum via non-perforated-tile openings. The combination of design parameters discussed above results in 240 scenarios. Additionally, a supplemental floorplan study is carried out using Floor Plan A with a 0.61 m (24 in) plenum and 20% leakage. The effect of row length on airflow uniformity is investigated; the room is made wider and narrower by adding and removing perforated tiles while keeping all other geometry and conditions fixed.
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CFD MODELING CONSIDERATIONS
Only the plenum airflow is modeled in this investigation with a zero pressure boundary condition imposed above the raised floor. In practice, the flow in the plenum is fairly decoupled from the room flow for fairly restrictive perforated tiles like the 25%-open type. With less restrictive tiles, like the 56%-open type, the plenum and room (above the raised floor) airflow are somewhat coupled. In this case, room airflow dynamics can affect the perforated tile airflow distribution. Since only the plenum is modeled here, the results are strictly applicable only to the case of uniform room pressure above the tiles.
As mentioned above, obstructions are not included in the CFD models. While obstructions may significantly impact airflow uniformity, the effects are typically fairly localized. Furthermore, given the fairly random nature of obstructions, it is difficult to quantify the effects of obstructions in any useful manner.
Perforated tiles are modeled with the pressure-airflow relationship given in Eq. (1) and the loss coefficients indicated above.
As discussed above, leakage airflow is driven by a pressure difference and may vary widely across the data center floor. One reasonable approach to modeling leakage would be to represent the raised floor as a resistance with a particular loss coefficient, which establishes the local leakage airflow based on local pressure difference across the raised floor. While physically realistic, this model is not ideally suited for present purposes because, following this approach, the total amount of leakage airflow is not known a priori; it is an output from the simulation. Therefore, the approach taken here is to simply remove (via a mass sink located just under the raised floor) the leakage airflow uniformly across the floor plan. This is convenient for defining leakage rates (e.g. 0%, 20%, and 40%) and is deemed adequate in light of the real variations in leakage paths and other assumptions in the models.
CRAC's are modeled with fixed airflow rates. This is justifiable as the external (e.g., plenum and perforated tile) resistance is much less than the internal CRAC resistance, which may be 250 to 750 Pa (1 to 3 in H 2 O) or more. Blower outlets are modeled explicitly with the exception of Floor Plan I for which the airflow is specified uniformly over the entire CRAC footprint. Turning vanes are not included in any cases as the details of which vary from vendor to vendor. Furthermore, as turning vanes generally keep stronger jets in tact farther from the CRAC, they lead to decreased airflow uniformity compared to simply allowing the airflow from the CRAC to diffuse more evenly over the subfloor.
IT equipment which draw air directly from the plenum ("plenum-ducted" in Table 1 ) are also modeled with fixed airflow rates and the (outward) flow is specified as leaving the plenum uniformly over the entire IT equipment footprint. Note that most IT equipment does not draw air directly from the plenum and therefore is not included in the plenum-only models. It is noted that for floor plans including plenum-ducted IT equipment (E, G, and H), airflow uniformity results hold at different flow rates only when IT airflow is scaled up or down in proportion with the total CRAC and leakage airflow. FLOVENT V5.1 by Flomerics [8] was used for all CFD modeling. A structured Cartesian grid and the k-ε turbulence model were used for all simulations. Total simulation time for the primary 240 scenarios was approximately 1 week on a 3.4 GHz Pentium 4 computer.
CALIBRATION AND EXPERIMENTAL VERIFICTION OF CFD MODEL
Floor Plan A with 0.23 m (9 in) and 0.61 m (24 in) deep plenums was used to assure that results were grid-independent. The maximum length of any side of any grid cell was systematically reduced until predicted tile airflow results stabilized. Ultimately, a grid size was selected with the following characteristics: a maximum cell size of 15 cm (6 in), a minimum cell size of 2.5 cm (1 in), and a minimum of 8 cells in the plenum-depth direction. These grid settings were then applied to all cases.
Experimental Verification of CFD Model
In order to verify the modeling methodology used in this paper, the experimental results reported in [6] are used. Specifically, one of the six layouts studied in [6] is used here for this verification and is depicted in Table 1 as Floor Plan B with the results shown in Fig. 3 . The case studied is an array of 4 x 15 perforated tiles situated between the 2 CRAC units. The experiments were performed on a portion of a large raised-floor data center located at IBM in Poughkeepsie, New York. This area measured 6.06 (20 ft) x 20 m (66 ft) with a raised floor height of 29.2 cm (11.5 in). The floor tiles were 610 mm (2 ft) on a side with the position of the CRAC units as noted in the plan view shown in the figure. The CRAC units were positioned such that the momentum of the air exhausting from the blowers within the CRAC units were directed toward each other, that is, the air was exhausting such that it collided in a region between the two CRAC units. To accurately measure the flow exhausting from the tiles and to account for all the flow exiting the CRAC units, this testing area of the floor was blocked off around the perimeter of the testing area from the raised floor down to the concrete subfloor. This 29.2 cm (11.5 in) height (as measured from the subfloor to the bottom of the tile) was carefully sealed with cardboard and duct tape. In addition, any electrical or plumbing openings in this area were also sealed.
The test results shown in Fig. 3 and Table 3 The air momentum is such that the air streams from both CRAC units collide near the center of the perforated tile region. The flow distribution shows a fairly symmetric distribution as would be expected with the minimums occurring nearest the CRAC units and the maximum near the center of the perforated tile region. Although some asymmetry is evident, it may be due to the differences in total airflow rates from the CRAC units, from the asymmetric location of CRAC blower outlets, or the asymmetry of non-perforated tiles adjacent to the CRAC units. (As many of these details were not included in the CFD model, the only sources of asymmetry in the CFD model are the asymmetry of the room layout and asymmetric location of CRAC blower outlets.) The flow from some of the perforated tiles nearest the CRAC units showed some flow downward into the raised floor plenum.
The predicted flow rates from the model are in good agreement with the measured values. Although not shown, the flow exiting CRAC unit A (see Table 1 ) splits into two streams: one moving in the forward direction (toward the right) and the other in the reverse direction. The fluid in the forward stream exits from the tiles close to unit A. The stream flowing in the reverse direction impinges on the left wall (at x = 0), turns 180 deg., and exits from the tiles in the middle. Most of the fluid exiting the unit B is discharged as a jet towards unit A. A small amount of fluid impinges on the east wall (at x = 20 m), turns around, and is also exhausted through the tiles in the middle. The longitudinal velocities (directed along the x axis) are larger near unit B, causing large pressure variation in this region. The peak in the airflow velocity distribution is located closer to unit A and corresponds to the location where the two opposing streams meet.
CFD SIMULATION RESULTS AND CONCLUSIONS
Example Showing Airflow Uniformity is Independent of Airflow Rate Table 4 summarizes the scenarios considered. For Floor Plans A and H, corresponding scenarios were modeled with the total airflow rate halved and doubled. CRAC airflow, leakage airflow, and ducted-IT airflow were all halved or doubled (though the percentage of leakage airflow is constant) although only mean airflow per tile is shown in the Table 4 . 
Mean Tile Airflow Percentage Variation From Mean Floor Plan
Airflow uniformity is, indeed, largely independent of flow rate. The small variations that do exist reflect the fact that all the losses in the plenum do not scale identically with airflow rate. Table 5 and Fig. 4 , we see that the floor plans achieving the best uniformity are those in which the CRAC's supply air in the direction parallel to the perforated-tile rows with room and CRAC layouts, which are rectangular and symmetric. Floor Plan G performs very well, however, the large fraction of plenum-ducted IT equipment makes this floor plan fairly atypical. The best typical layout is Floor Plan A, which is a standard 7-tile pitch hot aisle/cold aisle layout [1]. (Table  5) , there is no great benefit to increasing the plenum depth beyond 0.61 m (24 in). As plenum obstructions were not included in the models, actual plenums should be designed with clear airflow space of 0.61 m (24 in) or more. [35] Figure 6 shows the effect of leakage airflow with 25%-open tiles and 0.61 m (24 in) plenums. The same five floor plans as discussed above in the context of plenum depth are again taken as representative. Uniformity degrades with increasing airflow leakage; the net effect is similar in magnitude to the effect of plenum depth over the respective parameter ranges considered here. Recall that the greater the tile resistance relative to airflow path resistance, the better the uniformity. Airflow lost to leakage in the plenum effectively increases the resistance (creates a greater pressure loss) along the airflow path making the perforated tile resistance less dominant. While minimizing leakage airflow will improve uniformity, from a cooling perspective the airflow is not completely wasted as it goes to cooling the room and equipment in the vicinity of the leakage openings.
Effect of Parameters Considered on Uniformity
The effect of row length on airflow uniformity was investigated using Floor Plan A with a 0.61 m (24 in) plenum and 20% leakage. The room was made wider and narrower by adding and removing perforated tiles while keeping all other geometry and conditions fixed. Figure 7 shows the results. Uniformity degrades fairly quickly beyond 20-30 tile widths with backflow first occurring at about 45 tile widths. Although not shown in Fig. 7 , the maximum tile airflow always occurs near the center of the room with the minimum tile airflow occurring at the perforated tiles located nearest the CRAC's. There is no maximum distance across which air can be supplied; however, beyond 20-30 tile widths uniformity becomes a limiting factor. As more and more tiles are added, the mean airflow per tile and the average plenum pressure drop. However, the structure of the supply airflow (jets) near the CRAC's does not change substantially as perforated tiles are added. Consequently, pressure disturbances near the CRAC become larger relative to tile resistance (which scale with the airflow rate squared) as the row is lengthened. Although somewhat counterintuitive, supplying additional airflow will not help, as the uniformity is independent of airflow rate. Finally, it is stressed that these comments are made with respect to Floor Plan A of Table 1 . If, instead, CRAC's were located only on one side of the room (with a wall at the other) we could expect uniformity to become poor beyond 10-15 tile widths. 
DESIGN
RECOMMENDATIONS TO ACHIEVE AIRFLOW UNIFORMITY Based on the above findings, the following design recommendations are made with respect to maximizing perforated tile airflow uniformity:
• Use only the more-restrictive perforated tiles (e.g. 25% open) for general deployment. High-flow perforated tiles (e.g. 56% open) should be used only in special circumstances. Examples include: the number of highflow tiles constitute only a small fraction of perforated tiles present, an isolated plenum has been created and uniformity verified through measurement, and hot ITequipment exhaust is ducted directly back to the CRAC's (so that uniform air delivery is not critical).
• Create standard hot aisle/cold aisle layouts (like Table 1 , Floor Plan A) utilizing rectangular, symmetric layouts. Locate CRAC's at the end of the hot aisle (far from perforated tiles) and avoid rows longer than about 20 perforated tiles or about 10 perforated tiles for layouts with CRAC's at only one end with a wall at the other. • Do not simply increase airflow rate without addressing the other factors listed above, as this will not improve uniformity.
